A novel method to measure directly the photofragment alignment from Abel-invertible twodimensional ion images, as a function of photofragment recoil velocity, is demonstrated for S͑ 1 D 2 ͒ atoms from the photodissociation of carbonyl sulfide at 223 nm. The results are analyzed in terms of coherent and incoherent contributions from two dissociative states, showing that the phase differences of the asymptotic wave functions of the fast and slow recoil-velocity channel are approximately p͞2 and 0, respectively. DOI: 10.1103/PhysRevLett.87.123001 PACS numbers: 33.80.Gj, 34.20.Gj, 34.20.Mq, 34.50.Lf A theoretical formalism has been presented describing the complete photofragment polarization in terms of coherent and incoherent contributions from multiple dissociative states of different symmetry [1] . Using a similar formalism [2] , the complete photofragment alignment and orientation have been measured for the Cl͑ 2 P J ͒ photofragments from the photodissociation of Cl 2 and ICl [3, 4] . In both cases, the coherent contribution to the photofragment alignment and orientation have been shown to oscillate as a function of the dissociation energy [4 -6]. These oscillations give a direct measure of the energy-dependent phase difference of the asymptotic wave functions associated with the two interfering dissociative states, providing a new and accurate spectroscopy of potential energy surfaces in molecular photodissociation. In the case of Cl 2 , the incoherent contributions to the photofragment alignment were shown to be sensitive to long-range nonadiabatic processes [3, 7, 8] .
A theoretical formalism has been presented describing the complete photofragment polarization in terms of coherent and incoherent contributions from multiple dissociative states of different symmetry [1] . Using a similar formalism [2] , the complete photofragment alignment and orientation have been measured for the Cl͑ 2 P J ͒ photofragments from the photodissociation of Cl 2 and ICl [3, 4] . In both cases, the coherent contribution to the photofragment alignment and orientation have been shown to oscillate as a function of the dissociation energy [4 -6] . These oscillations give a direct measure of the energy-dependent phase difference of the asymptotic wave functions associated with the two interfering dissociative states, providing a new and accurate spectroscopy of potential energy surfaces in molecular photodissociation. In the case of Cl 2 , the incoherent contributions to the photofragment alignment were shown to be sensitive to long-range nonadiabatic processes [3, 7, 8] .
Although these photofragment polarization measurements have provided unprecedented detail and insight into the photodissociation process, they were performed on diatomic molecules which photodissociate into monoenergetic fragments. Photodissociation of polyatomic molecules yields, in general, photofragments with broad translational distributions, so that both the photofragment velocity and the angular distribution must be measured simultaneously.
Two-dimensional (2D) ion imaging [9] , especially in its refined form called velocity mapping [10] , has become an important and widely used technique in photofragment and photoelectron spectroscopy. The important strength of this 2D technique is that the full three-dimensional (3D) velocity-dependent angular distribution can be inverted from the 2D image using the inverse-Abel transform, from images that possess cylindrical symmetry parallel to the image plane. For pump-probe experiments, such cylindrical symmetry is achieved, in general, when both pump and probe laser polarizations are parallel to each other and the imaging plane. However, a single image does not suffice to measure the complete photofragment alignment. Until recently, attempts to measure photofragment alignment using 2D imaging have used several noncylindrically symmetric images that have been analyzed with forward-convolution methods.
In this Letter, we demonstrate for the first time the direct, simultaneous measurement of the recoil velocity and complete alignment of the S͑ 1 D 2 ͒ photofragments from the photodissociation of carbonyl sulfide (OCS) from unnormalized Abel-invertible (2D) velocity images, using various combinations of linearly and circularly polarized light, and different ͑2 1 1͒ resonance enhanced multiphoton ionization (REMPI) transitions.
A 5% mixture of OCS in He is expanded supersonically parallel to the electric field of a time-of-flight mass spectrometer via a piezoelectrically actuated pulsed-molecular beam. The skimmed molecular beam is intersected perpendicularly by focused photolysis (223 nm) and probe laser beams (using f 300 and 200 mm spherical lenses, respectively). The laser propagation directions are chosen either parallel or perpendicular to each other, to allow the laser polarizations to be parallel to each other and the imaging plane. The probe beam is the frequency-doubled output of an Excimer-pumped dye laser (Lumonics HyperEX400, ELTO 1233), and the photolysis laser is the output of a YAG-pumped MOPO (730D10 Spectra Physics). The S͑ 1 D 2 ͒ photofragments are ionized by ͑2 1 1͒ REMPI via the The angular distribution I͑u͒ of photofragments from achiral molecules and a cylindrically symmetric multiphoton process can be described by an expansion of even Legendre polynomials. For a one-photon photodissociation (in the dipole approximation) and two-photon resonant detection (as is 2 1 1 REMPI), the expansion is terminated by the 6th order Legendre polynomial:
where u is the angle between the photofragment recoil velocity and the laser polarization direction, and the b k are the kth-order spatial anisotropy parameters. The molecular-frame photofragment alignment can be completely described by an expansion of alignment parameters a ͑k͒ q ͑p͒ [2] , for which k # 2J. Additionally, the detection process is sensitive to the a ͑k͒ q ͑p͒ with k # 2n, where n is the number of photons in the resonant step of the (n 1 m) REMPI process. For this experiment, both J and n are equal to 2 (thus k # 4), so the complete set of alignment parameters can be measured. It has been shown that the laboratory-frame Legendre coefficients b k can be expressed in terms of the a ͑k͒ q ͑p͒ for k # 4 [14] :
where N (which is proportional to the population) is given by 4 are equal to ͑21͒´͑5͞7͒ and ͑1͞6´͒ ͑248͞7͒, respectively (explicit formulas for the s k are given in [14] , general for all atoms and molecules for 2 1 1 REMPI). The value ofí s 0 and 1 for linearly and circularly polarized (or unpolarized) probe light, respectively. The factor c is equal to 1 and 21͞2 for linearly and circularly polarized (or unpolarized) photolysis light, respectively. Notice that b and each A A minimum of four such images are needed to determine all nine parameters [14] . Abel inversion of the images in Fig. 1 gives the angular distributions shown in Fig. 1 , and fitting with Eq. (1) for both the slow and fast velocity channels yields the speeddependent anisotropy parameters shown in Table I .
For each channel, nonzero values of b 6 (within experimental error) are expected for only two of the six images [͑21, LL͒ and ͑21, CL͒] for which the factor s 4 is large. Therefore, Table I yields fourteen equations for each channel [using Eqs. (2a)-(2c)]. These equations are grouped into sets of nine orthogonal simultaneous equations, solved numerically, and, using Eqs. (3a)-(3d), the a ͑k͒ q ͑p͒ are calculated and plotted in Fig. 3 (below) . The error bars are 1s confidence intervals from the different sets of equations.
The spatial anisotropy parameter, b, is measured to be 0.2 6 0.1 for the fast channel, and 1.4 6 0.2 for the slower channel, in approximate agreement with similar measurements for this system [15] [16] [17] . The conclusion is supported that the slower channel is produced mostly by the parallel excitation to the A 0 component of a 1 D state, whereas the faster channel is produced by approximately equal excitation to both the A 0 ͑ 1 D͒ state (via a parallel transition) and the A 00 ͑ 1 S 2 ͒ state (via a perpendicular transition). However, previous analyses of S͑ 1 D͒ alignment [15, 17] did not include noncylindrically symmetric contributions ͑q fi 0͒, and detection schemes strongly sensitive to the k 4 parameters were not used. Consequently, quantitative comparison with the present work is not possible; however, there is no qualitative disagreement.
The a ͑k͒ q ͑p͒ formalism completely describes the dissociation-angle-dependent photofragment alignment, and further decomposes the photofragment polarization into the incoherent [a ͑k͒ 0 ͑k͒ and a ͑k͒ q ͑Ќ͒] and coherent contributions a ͑k͒ 1 ͑k, Ќ͒ from dissociating states accessed by parallel ͑k͒ and perpendicular ͑Ќ͒ transitions, in the axial recoil limit [1, 2] . In other limits (such as nonaxial recoil and with bent transitions), the interpretation of the parameters changes, but the alignment can still be measured [since the a ͑k͒ q ͑p͒ expansion forms a complete basis set]. As shown in Fig. 2 have measured the opposite trend for the Im͓a ͑1͒ 1 ͑k, Ќ͔͒ parameter: This orientation parameter is large for the fast channel, and approximately zero for the slow channel. In the limit of pure parallel and perpendicular excitations (in the axial recoil approximation), the q 1 parameters can arise only from the interference of the resulting dissociative channels [1, 2] . In this limit, the Re͓a ͑k͒ 1 ͑k, Ќ͔͒ alignment parameters are proportional to cos͑Dw͒, and the Im͓a ͑k͒ 1 ͑k, Ќ͔͒ orientation parameters are proportional to sin͑Dw͒, where Dw is the phase difference between the interfering asymptotic wave functions. Therefore, the observed values of the interference terms can be explained by values for Dw of approximately p͞2 and 0 (6np) for the faster and slower channels, respectively. The phase shift arises from the energy differences between the A 0 and A 00 states during dissociation (see Fig. 3 ). The complete photofragment density matrix, and the m-state distributions arising from the parallel and perpendicular excitations for the faster and slower channels, can be calculated directly from the a ͑k͒ q ͑p͒ [2] , and the latter are tabulated in Table II . In the axial recoil approximation and for linear OCS dissociation, the A 0 ͑ 1 D͒ state (accessed via a parallel transition, so that the projection of the photon angular momentum along the recoil direction m p 0) correlates to S͑ 1 D 2 ͒ atoms with m 0, whereas the A 00 ͑ 1 S 2 ͒ state (accessed via a perpendicular transition, for which m p 61) correlates to atoms with m 61 [by conserving the projection of electronic angular momentum; note that CO͑ 1 S 1 ͒ fragments possess V 0]. As expected from this approximation, the population of the m 2 states is small for all observed channels, and the fast channel produced from perpendicular excitation produces mostly m 61 atoms. In contrast, both ͑k͒-excitation channels produce significant m 61 populations, indicating nonadiabatic interactions between the A 0 and the A 00 state during the dissociation process [7] . The slight OCS bend angle of about 15 ± [17] does not affect these arguments significantly.
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